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Abstract 
The “Vertical Heliostat Field” (VHF) concept proposes a solution to integrate solar heliostat fields into urban 
communities with acceptable optical efficiencies for Concentrating Solar Power systems. It is based on a heliostat 
field arranged on a vertical surface, conceived to be integrated in a building façade. Glare phenomenon has been 
distinguished as a critical aspect for a VHF facility integrated in an urban environment, as a potential source of 
hazard to nearby drivers, pedestrians or neighbors. 
The main goal of this work is the analysis of potential ocular hazards produced by the VHF. On the bases of the 
previous formulation, there has been performed a mathematical development that has led us to propose a series of 
general equations and graphs to characterize glare phenomenon produced by the receiver of a VHF, which are equally 
applicable to conventional CSP central receiver facilities. It has been distinguished between temporary or permanent 
eye damage hazards. 
In case of the receiver, the surface delimiting the border for permanent risk and temporary blinding is defined by the 
distance and the direction (angle) where the observer is placed, relative to the receiver. Thus, this border results in a 
revolution surface, whose largest section is obtained on the plane perpendicular to the plane of the receiver aperture. 
General graphs are presented, corresponding to those sections, depending on DNI and optical efficiency of the field 
and normalized by an areas factor. 
Integration of a VHF in a urban environment will always imply the establishment of an exclusion zone for vehicle 
and pedestrian. 
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1. Introduction 
The scenarios projected by main international organizations conclude that the world population will 
increase significantly over the next 25 years. Also, there is an important process of migration to urban 
areas. For the first time in the mankind history, the world’s population living in urban areas has overtaken 
the population that lives in rural areas, and it is expected a continued growth, from 3300 million in 2008 
to nearly 5200 in 2035 [1]. As a result of this scenario, it is estimated that the final energy consumption 
will greatly increase, and residential sector will represent the 30 % of the total. These data show the need 
to adapt power generation to this new panorama, and justifies a major effort to analyze how to increase 
the deployment of distributed generation systems, especially, systems based on renewable energy and in 
particular, solar energy. 
As a result of all this, it was conceived the “Vertical Heliostat Field” (VHF) [2] [3]. This concept 
proposes a solution to integrate solar heliostat fields into urban communities with acceptable optical 
efficiencies for Concentrating Solar Power systems. It is based on a heliostat field arranged on a vertical 
surface, conceived to be integrated in a building façade. 
 
Nomenclature 
dr diameter of the image projected onto the retina. 
ds  source size. 
ω subtended angle from the source to the observer (rad). 
r distance between the observer and the source (m) 
f focal length of the eye. 
τ eye transmission coefficient (≈0.5) 
Er retinal irradiance (W/cm2) 
Er,burn retinal irradiance threshold for permanent eye damage (W/cm2). 
Er,flash retinal irradiance threshold for temporary blinding (W/cm2). 
EDNI/DNI   direct normal irradiation (W/cm2). 
Pd total power reflected from the receiver. 
AThel total mirror surface of the heliostat field (m2). 
ηfield optical efficiency of the heliostat field. 
ρd receiver reflectivity. 
rburn maximum distance to the receiver up to which permanent damage can occur (m). 
rflash maximum distance to the receiver up to which temporary blinding can occur (m). 
Ad total diffuse reflective area of the receiver (m2). 
As visible area of the receiver (m2). 
FA,burn areas factor for permanent eye damage case. 
FA,flash areas factor for temporary blinding case. 
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Glare phenomenon has been distinguished as a critical aspect for a VHF facility integrated in an urban 
environment, as a potential source of distraction or hazard to nearby drivers, pedestrians or neighbors. 
Over the last years, with the implementations of the first commercial CSP power plants, the relevance that 
the characterization of glare is acquiring is increasing, due to the impact they can have on the ocular 
health of potential observers located close the facility, as well as the workers of the installation. Brumleve 
pioneered the study of glare in central receiver technology [4]. He studied this phenomenon for the ERDA 
5 MWth facility of Sandia Laboratories (Albuquerque), analyzing potential hazards that could cause 
radiation reflected from heliostats over an observer located at ground level, as well as in the air space 
above the facility. Other studies were performed in order to analyze glare produced by other central 
receiver facilities, such as Solar One pilot plant [5], Ivanpah power plant [6], BrightSource 6 MWth 
facility [7] or CPH pilot plant [8]. Ho et al [9] provided analytical methods to evaluate the irradiant 
originating from specularly and diffusely reflecting sources as a function of distance and characteristics of 
the source. 
The main goal of this work is the analysis of potential ocular hazards produced by a VHF. On the bases 
of previous formulation [9], there has been performed a mathematical development that has led us to 
propose a series of general equations and graphs to characterize glare phenomenon produced by the 
receiver of a VHF, which are also applicable to conventional CSP central receiver facilities. 
2. Methodology 
In a CSP central receiver power plant, glare hazards can occur mainly due to two elements: heliostats 
and receiver. Each one reflects the radiation in a different way, and therefore they must be studied 
separately. This work has been focused on the glare produced by the receiver. 
There has been performed a mathematical development to propose general equations and graphs to 
characterize glare phenomenon produced by the receiver of a VHF. It has been distinguished between 
temporary blinding or permanent eye damage hazards. 
Ocular anatomy is critical in determining the irradiance coming from a light source that impinges the 
retina of an observer. Figure 1(a) shows a schematic illustration of the projection of an image onto the 
human retina and the main parameters that characterize this phenomenon: 
ω is the subtended angle from the source to the observer, r is the distance between the eye and the 
source, f is the focal length of the eye, ds is the source size, and dr is the diameter of the image that is 
projected onto the retina. Relations between these parameters are defined by equations (1) and (2): 
 
        (1) 
        (2) 
 
where f is considered fixed and equal to 0.017 m [10]. 
Following methodology used in previous works [4] [9], two key parameters have been used to 
characterize the phenomenon of glare and assess the ocular impact: the retinal irradiance and the 
subtended angle (size) of the source. The relation between these parameters enables to define the 
situations where permanent eye damage or temporary blinding can occur. Brumleve [4], based on results 
from previous works [10], proposed the expressions for the lower threshold from which permanent eye 
damage could occur: 
 
  for  ω < 0.118 rad      (3) 
 for ω ≥ 0.118 rad        (4) 
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where Er,burn is the retinal irradiance threshold for permanent eye damage (W/cm2) and ω is the 
subtended angle from the source (rad).  
Below these levels, there is another region where retinal irradiance can cause temporary blinding. Ho 
et al [9] proposed an expression that fitted the threshold data for flash blindness and temporary effects: 
       (5) 
where Er,flash is the retinal irradiance threshold for temporary effects (W/ cm2). Below this level, retinal 
irradiance will not cause any kind of impact on the view. 
Figure 1(c) collects previous thresholds and shows the three possible zones of eye impact: zone of 
permanent damage, zone of temporary blinding, and zone of no impact [9]. 
Retinal irradiance and subtended angle can be expressed as follows [9]: 
 
       (6) 
        (7) 
Where As is the visible area of the receiver (m2), θ is the angle between the normal to the surface of the 
receiver and the sight line between observer and receiver, r is the distance between observer and receiver, 
Pd is the total power reflected from the receiver, dp is the pupil diameter, τ is the eye transmission 
coefficient (≈0.5) [11], and Ad is the total diffuse reflective area of the receiver (m2) (Figure 1b). 
 
 
Fig 1. a) Schematic illustration of the projection of an image onto the human retina and the main parameters considered. b) Scheme 
of the parameters used for receiver glare calculation. c) Zones of eye impact delimited by thresholds for permanent damage [4] and 
temporary blinding [9]. Data for 0.15 seconds of exposure. Figures adapted from ref. [9]. 
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In this work, according to the optical analysis made for the VHF [2], Pd has been formulated based on 
the optical efficiency of heliostat field and the DNI level, for a particular time point: 
 
       (8) 
where EDNI is the direct normal irradiance, AThel is the total mirror surface of the heliostat field, ηfield is 
the optical efficiency of the field for a particular instant and ρd is the receiver reflectivity. 
2.1. Permanent eye damage 
Combining equation (3), that gives the most conservative threshold for permanent damage, and 
equation (6) it will be obtained an expression of the maximum distance to the receiver up to which 
permanent damage can occur: 
 
      (9) 
Equation (9) involves two variables: r and θ. For a receiver and a heliostat field defined, the surface 
delimiting the border for permanent risk is defined by the distance and direction (angle) in which the 
observer is located with respect to the receiver. Thus, this boundary will be defined by a surface of 
revolution, as it is shown in Figure 2. The larger section of this surface is obtained by studying the plane 
perpendicular to the aperture plane of the receiver (Figure 2 right). The whole surface of revolution will 
be obtained by simply revolving that section around the axis perpendicular to the aperture plane and 
passing through the center of the aperture (for the particular case of a cylindrical receiver, the boundary 
surface  would consist of a surface whose axis of revolution would be the axis of the cylinder itself). 
 
  
Fig 2. Left: Surface delimiting the boundary for permanent damage hazard or temporary blinding, defined by a surface of revolution. 
Right: Larger section of the boundary surface. 
2.2. Temporary blinding 
In this case, combining equation (5) which defines the threshold for temporary blinding, and equation 
(6) it will be obtained an analogue expression of the maximum distance to the receiver up to which 
temporary effects can occur: 
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      (10) 
Again, the surface delimiting the temporary blinding zone is defined by the distance and direction 
between observer and receiver. Therefore, the boundary will consist of a surface of revolution similar to 
the one obtained for permanent damage case. 
3. Results 
3.1. Permanent eye damage 
Developing eq. (9) by considering eq. (7) and eq. (8) it is obtained the following expression: 
 
   (11) 
In this work, it has been defined a new parameter called “areas factor” (FA,burn), which collects 
geometric characteristics of the system, both the heliostat field and receiver, and which will be specific 
for each facility: 
 
       (12) 
For the particular case in which the receiver has the aperture on a plane, it is considered that As and Ad 
are equal, so that the areas factor can be expressed as follows: 
 
        (13) 
This parameter allows us to propose a new expression that defines the maximum distance at which 
permanent damage will occur in the retina: 
 
    (14) 
This expression relates the maximum distance for permanent risk of damage, rburn, versus angle θ, 
depending on the optical efficiency of the heliostat field and the existing direct radiation level of a 
particular time point, for specific characteristics of the receiver and heliostat field defined by FA,burn. 
This allows us to represent rburn, normalized to the areas factor. Figure 3 shows the larger sections of 
the boundary surfaces normalized to that factor, for different values of DNI and optical efficiency of the 
field, considering a reflectivity of the receiver equal to 0.2. Since it is considered a flat receiver aperture, 
glare can only occur for a range of angles from -90º to 90º, being 0º the perpendicular to the surface of the 
receiver aperture, in the direction towards the heliostat field. Maps present symmetry around this axis 
(0º), that passes through the center of the aperture. 
As it was previously mentioned, the whole boundary surface will be obtained by revolving larger 
sections around that axis (Figure 4). 
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Fig. 3. Larger sections of the boundary surfaces (for permanent eye damage) normalized to the areas factor, for different values of 
DNI and optical efficiency of the field, considering a reflectivity of the receiver equal to 0.2. 
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Fig. 4. Larger sections superimposed on the boundary surface for ocular damage hazard. 
3.2. Temporary blinding 
Following the same procedure as for the permanent damage case, It has been developed eq. (10) by 
considering eq. (7) and eq. (8), obtaining the next expression: 
 
  (15) 
An areas factor for temporary blinding has been defined, in order to collect all the terms related to 
geometric features of the heliostat field and receiver: 
 
      (16) 
For the particular case in which the receiver has the aperture on a plane (As = Ad), the areas factor can 
be expressed as follows: 
 
      (17) 
Then, the expression that defines the maximum distance at which temporary blinding will occur is: 
 
  (18) 
As in the case of permanent damage, the limiting distance for temporary blinding, rflash, can be 
represented, normalized to the areas factor, for different conditions defined by the DNI and the optical 
efficiency. 
Figure 5 shows larger sections of boundary surfaces defined by rflash values: 
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Fig. 5. Larger sections of the boundary surfaces (for temporary blinding) normalized to the areas factor, for different values of 
DNI and optical efficiency of the field, considering a reflectivity of the receiver equal to 0.2. 
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4. Conclusions 
Integration of a VHF in an urban environment has always implicit the establishment of a security zone 
where there must be no pedestrians or vehicle traffic, because of the possible glare hazards that might 
occur inside. 
It is proposed a series of general equations and graphs to characterize glare phenomenon produced by 
the receiver of a VHF, which are also applicable to conventional CSP central receiver facilities. 
In case of the receiver, the surface delimiting the border for permanent risk and temporary blinding is 
defined by the distance and the direction (angle) where the observer is placed, relative to the receiver. 
This border results in a revolution surface, whose largest section is obtained on the plane perpendicular to 
the plane of the receiver aperture. General graphs have been presented, corresponding to those sections, 
depending on DNI and optical efficiency of the field and normalized by an areas factor. 
Heliostats will also be a glare source, but they have not been the scope of this work, which has been 
focused in the study of the glare produced by the receiver. 
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